A study was undertaken to examine the effect of lining high-energy linear accelerator mazes with neutron-moderating materials in order to reduce scattered neutron dose at the accelerator room door. Polyethylene alone reduced neutron dose by no more than 27% and did not significantly reduce gamma ray dose. Polyethylene combined with flexboron panels reduced neutron dose by 50% at most, reducing gamma ray dose by a maximum of 32%. Much greater reductions in both neutron and gamma ray dose (by 92% and 55% respectively) can be obtained by incorporating polyethylene and boron into either internal or external maze doors. Our results support the conclusion that neutrons directly incident on the maze from the accelerator contribute little to the neutron dose at the door, and that the majority of neutron dose is due to scattered and thermal neutrons.
Introduction
Much of the expense of shielding medical linear accelerators is involved in creating mazelike entranceways to the treatment rooms in order to attenuate the fluence of neutrons generated in the accelerator head. Neutrons, unlike gamma rays, can scatter through large angles with little loss of energy. While shielding for direct transmission of neutrons is readily accomplished by x-ray shielding materials, travel of neutrons through mazes can lead to unacceptable doses near the accelerator entrance, typically a high occupancy factor area in radiation therapy.
Neutrons also generate capture gamma rays as they travel through the accelerator maze. This dose can be as much as half of the total dose at the entrance to the bunker (McGinley et al 1995) . Shielding for neutrons often requires the use of large, heavy treatment room doors incorporating lead shielding for capture gamma rays. Opening and closing of these doors requires hydraulic or mechanical systems which take a long time to operate, slowing down the treatment of patients.
Several centres have taken measures to avoid the use of large, heavy doors at the maze entrance. Among these are the use of slightly lower energy linacs, which have lower neutron fluxes. Another measure taken is the use of neutron moderating and absorbing materials in the walls of the accelerator maze (Kersey 1979 , McGinley et al 1995 , Baillie 1989 . However, there is little published material as to the quantitative effects of such materials in the walls of an accelerator maze. It is hoped that a close study of the use of neutronmoderating materials in the walls of treatment mazes will aid others in the design of linear accelerator bunkers.
Theory
Neutron fluence in an accelerator maze comes from three sources: (1) a direct component of high-energy neutrons assumed to travel into the maze directly from the accelerator head; (2) lower-energy neutrons that enter the maze after scattering a few times off the walls of the treatment room; and (3) thermal neutrons, scattered many times in the treatment room and forming a uniform fluences of neutrons in the room. McCall et al (1978) give the following expressions for the fluence of direct, thermal and scattered neutrons in a treatment room:
where Q is the neutron source strength from the treatment head (neutrons/unit dose x-rays), S is the surface area of the treatment room, R is the distance from the accelerator target to the calculation point in centimetres, and a is the transmission factor for neutrons that penetrate the head shielding (= 1.0 for lead). Calculations for the geometry of the treatment room used in this study suggest that direct neutrons are the main source of neutron dose at the isocentre, but that this fluence decreases rapidly with distance from the accelerator head. At the entrance to the maze, the calculated scattered component of the neutrons is 75% of the total, the thermal neutron fluence is 17% of the total and the direct component only 8%. The albedo method introduced by French and Wells (1964) calculates direct neutron fluence through the maze as if the neutrons travelled in a straight line from the accelerator head. Scatter is calculated assuming neutrons are only incident on surfaces directly visible from the treatment isocentre, using albedo formulae derived from narrow neutron beam experiments. The neutron fluence to the end of the maze then depends upon the areas of the scattering walls, the distances from the isocentre to the centres of the scattering walls, and the angles of incidence and reflection of neutrons at each wall. For the treatment room in this study (figure 1), the albedo method estimates that 84% of the neutron dose at the doorway comes from wall 1, 10% from wall 2 and about 6% from the treatment maze floor. The ceiling, since it is blocked by a bulkhead from the direct neutrons, contributes essentially nothing to the neutron fluence.
A method proposed by Kersey (1979) assumes that neutrons are attenuated by a factor of ten for every 5 m distance travelled through the maze. Although this method was shown by the author to give good agreement for several maze designs, other researchers have found it inadequate in describing the attenuation of mazes in which there is more than one bend before the maze entrance.
More accurate calculations of neutron transport through mazes are very difficult, since there is a broad spectrum of neutron energies entering the maze, and this spectrum is degraded as the neutrons scatter from the maze walls. Monte Carlo (MC) calculations have been used by some researchers (Uwamino et al 1986) to describe neutron transport, however these calculations are often simplified and apply only to specific maze geometries.
Albedo calculations would suggest that the addition of hydrogenous materials to the maze walls would greatly reduce dose scattered through the maze. This is because the dose albedo of most materials varies according to its hydrogen content, with pure water having an albedo roughly 30% that of concrete (Chilton et al 1984) . Polyethylene, which has a slightly higher hydrogen concentration, should have an even lower albedo. Chilton et al conclude that the simple albedo formula of French and Wells is not adequate for calculations of neutron scatter from materials with a high hydrogen content, especially at high angles of incidence. This is because at high angles of incidence, scattered fluence from hydrogenous materials is strongly dependent on azimuthal angle, which the calculation of French and Wells ignores. Neutron streaming down a maze involves several reflections at high angles of incidence.
The albedo of water and hydrogenous materials increases for increasing angle of incidence, and the average energy of the scattered neutrons also increases (Leimdorfer 1968) . Scattered neutrons can lose up to half of their initial energy after reflection from hydrogenous materials (NCRP 1984) . Neutrons are predominantly scattered forward from hydrogenous materials, so that at high angles of incidence it is more likely that the neutrons will undergo single scattering.
The addition of boron to hydrogenous materials accelerates the attenuation of neutrons, since boron has a very high thermal neutron capture cross section, 3840 barns/atom (NCRP 1984) . Boron capture of neutrons produces alpha particles (non-penetrating) and a 0.498 MeV gamma ray, while the average gamma photon energy from capture in polyethylene and concrete is much higher (average energy about 2 MeV for polyethylene, about 3.0 MeV for concrete (NCRP 1984) ). The addition of borated materials to the shielding should therefore reduce the capture gamma ray dose at the maze entrance as well.
Reports of capture gamma ray levels at accelerator maze entrances vary widely in the literature, with estimates ranging from 1/5 to 1/2 of the total dose. The calculations of McGinley et al (1995) suggest the presence of both low-and high-energy photons in the maze-low-energy photons scattered in from the treatment room and high-energy capture gamma photons generated by neutron fluence in the maze. However, the low-energy photons are rapidly attenuated in the maze, and contribute very little to the dose at the maze entrance. The authors report that measures to reduce neutron fluence also reduce capture gamma ray doses.
Materials and methods
The design of the accelerator room used in this study is shown in figure 1 . The width of the maze entrance is approximately 2.75 m. In order to reduce the size of the entrance, a bulkhead was placed at the entrance to reduce the total height of the entranceway to 2.13 m. A similar bulkhead is located 50 cm before the door. Walls that were shielded in later experiments are numbered in the figure. The total maze length was 9.8 m and maze width was 1.68 m.
Measurements were taken for a Varian Clinac 2100 C accelerator (Varian Systems, Palo Alto, CA, USA) operating with a photon energy of 18 MV. All measurements were then taken with the collimator closed, the gantry at 0 degrees, and the treatment couch retracted away from the beam. The accelerator was run at its maximum output rate (400 MU/min).
Neutron measurements were taken with an Andersson-Braun type remmeter (NP-2 Survey Meter, NRC Industries, Southhampton, PA, USA). Except where indicated, the meter was placed at the maze entrance at a height of 1.0 m above the floor. The scale division on the remmeter at highest sensitivity setting was 0.1 mR h −1 (1 mSv h −1 ). Repeated measurements for the same configuration showed a reproducibility of ±0.1 mR h −1 . The energy response of our remmeter increased from a relative value of 1.0 at thermal energies (0.25 eV) to 2.0 at a neutron energy of 10 keV, decreasing gradually to 1.0 at a neutron energy of 5 MeV (data from the manufacturer). Rogers and Van Dyk (1981) , using a gold activation foil remmeter, estimate the overall measurement uncertainty of neutron dose to be equivalent to ±20%.
Linear accelerators produce x-rays in short pulses, therefore the photoneutrons produced in the accelerator head also come in pulses. At high neutron dose levels, the number of counts/s generated in a remmeter may exceed the capabilities of the instrument (Rogers and Van Dyk 1981) . In order to ensure that this was not happening in these experiments, neutron dose rate was measured at the start of the accelerator maze over the full range of output rates available on our accelerator (80-400 MU/min). Response of the remmeter was linear over the entire range to within 2%, indicating that the meter response was not yet saturating.
Capture gamma ray dose measurements were taken with two ionization chamber detectors-a Victoreen model 290 Survey meter (Victoreen Inc., Cleveland OH, USA), and a Texas Nuclear model 2595 (Texas Nuclear Corp., Austin, TX, USA). All gamma ray measurements were taken at the same time as the neutron measurements. Due to the more uniform energy sensitivity of the Texas Nuclear meter, this meter was used for all results reported here. The smallest scale setting on the meter at its most sensitive setting was 0.1 mR h −1 (1 mSv h −1 ). Repeated measurements in the same configuration gave results within ±5%.
High-density polyethylene sheets 2.54 cm thick were cut into 0.61 m × 1.22 m (2 × 4 ) lengths to facilitate handling. Flexboron sheets (Reactor Experiments Inc.) 3 mm thick were stapled onto 3.2 mm (1/8 ) sheets of plywood to form movable 1.22 m × 2.44 m (4 × 8) panels.
Results

Effect of accelerator configuration
Measurements confirmed earlier reports (O'Brien et al 1985) that the maximum neutron dose in the maze was generated with the collimator jaws of the accelerator closed (table 1) . Measurements of neutron and gamma ray dose were taken for 6 MV photons for comparison. No signal from the neutron remmeter could be detected from the 6 MV beam. Further measurements showed that the neutron dose across the width and height of the doorway and the maze centre varied by no more than 10%. If neutron transport in the maze were dominated by direct reflections from the maze walls, one would expect to see substantial spatial variation of neutron fluence across the maze, depending on how much of the scattering walls were directly visible from each position.
Measurements were taken to determine how neutron dose is attenuated with distance along the treatment room maze (figure 2). The dose rate at the centre of the maze entrance was 6000 µSv h −1 . Kersey's method gives a reasonable estimate of the attenuation of dose along the maze. However, at the two bends in the maze, the dose before the bend is significantly increased over that predicted by Kersey's method, while the dose after the bend is significantly lower. The dose at the door of the treatment room is 50% that predicted by Kersey's method, while 1 m from the door the dose is less than 25% of the predicted dose. Neutron dose before a bend in the maze appears to be enhanced by back reflection of neutrons. 
Effect of shielding scattering surfaces
Initial experiments were performed to determine whether neutron scattering from the bunker maze was dominated by the direct dose as assumed in the albedo calculation of French and Wells. Sheets of polyethylene were placed over the maze entrance in such a way as to block completely those parts of wall 1 or wall 2 directly visible from the accelerator isocentre. Sheets were placed inside the maze to block scattered neutrons from reaching those portions of walls 3 and 4 which are directly visible from the door of the maze-that is, those that could scatter neutrons directly to the door.
According to albedo calculations, blocking neutrons from wall 1 should reduce the direct neutron dose in the maze by up to 92%. Blocking wall 2 should have little effect, since neutrons incident on wall 2 must reflect through a very steep angle to reach the end of the maze. Similarly, blocking wall 3 should have a greater effect than blocking wall 4, since neutrons can scatter more directly from wall 3 to the doorway. If scattered neutron fluence dominates, then the polyethylene sheets should reduce the dose through the maze according to the reduction of the area of the entrance or of the maze passage itself. Completely blocking wall 1 should reduce dose by 66%, wall 2 by 33%, and walls 3 or 4 by an equal amount, about 33%. Published data indicate that 2.54 cm of polyethylene alone will attenuate fast neutron fluence by at least 50% and by as much as three times (NCRP 1984 , Uwamino et al 1986 , O'Brien et al 1985 , although this will vary with position as neutrons lose energy in the maze. Measurements of O'Brien et al indicate an attenuation factor for neutrons at the maze entrance of 50% per inch of polyethylene. In these experiments, walls were blocked with 5.08 cm of polyethylene (reduction of dose 4 to 9 times). Results are shown in table 2. Blocking the maze entrance entirely with 5 cm of polyethylene gives a dose reduction of 73%. If we assume an attenuation factor of 0.25 for all incident neutrons, then simple calculation of the area of the maze entrance blocked for walls 1 and 2 yields relative doses of 49.5% and 74.3%, almost exactly in agreement with the measurements. Dose reduction for walls 3 and 4 should both be to 63%. The difference in dose reduction between walls 3 and 4 could be due to the complicating presence of the open maze door. The maze door is shielded with 0.5 cm lead, which is an excellent scatterer of thermal neutrons. Shielding wall 4 will block more neutrons that would be incident on the maze door, which will likely contribute more to the total dose at the detector.
Blocking the maze with boron sheets only should eliminate the thermal neutrons (thermal neutron attenuation factor = 259 (data from supplier), but have little effect on epithermal and fast neutrons. The capture cross section for boron-10 falls rapidly with increasing neutron energy, from 3840 barn/atom at thermal energies to less than 1 barn/atom for neutron energies greater than 100 keV. The average energy for direct neutrons from a linear accelerator is of the order of 1-2 MeV, while the average energy of scattered neutrons in the treatment room is about 1/4 that of the direct neutrons (McCall et al 1978) . The effect of boron panels placed at different locations in the maze should thus give some indication as to the increase in thermalization of the neutrons as they travel through the maze. McCall et al's method of estimation of neutron fluence at the entrance of this linac maze gives a value of 17.5% thermal neutrons. At the entrance to the maze, the boron sheets reduced neutron dose measured at the door to the treatment room to 82.5%. Boron sheets placed at the second bend of the maze reduced dose to 62.5%. Placing the boron sheets at the door of the maze reduced neutron dose to 55.0%.
Effect of lining maze walls with neutron-moderating materials
The scattering walls of the maze (those directly visible from the door or from the isocentre) were lined with polyethylene with or without a 0.3 cm layer of flexboron.
The results for polyethylene shielding alone (table 3) show the greatest reduction in neutron dose when in positions closer to the door. This may be due to the lower energy of neutrons at the end of the maze, making it more likely that they will be captured in polyethylene alone. Note that 2.54 cm of polyethylene on wall 1 provides a substantial reduction in neutron dose, but that doubling the thickness to 5.08 cm has little further effect. No configuration of polyethylene alone produces reduction of capture gamma dose greater than 15%. In some cases, gamma ray dose is actually increased by the addition of polyethylene.
The effect of shielding more than one wall with polyethylene seems to be roughly additive, although this does not seem to hold in all cases. For example, the dose reduction from shielding walls 1 and 4 with 2.54 cm polyethylene is less than would be expected from the reductions seen with the walls shielded individually. Shielding the entire maze with polyethylene, especially borated, would become prohibitively expensive.
The addition of boron to the polyethylene shields reduces neutron dose substantially compared to polyethylene sheets alone (table 4). The maximum reduction seen for any configuration of polyethylene and boron sheets is about 50%. Again, maximum dose reduction is seen when the polyethylene and boron are nearest to the doorway. Note that the addition of boron near the end of the maze has a much greater effect than near the beginning of the maze. In the first corner of the maze (walls 1 and 2), the addition of boron reduces neutron dose by only 11% compared to polyethylene alone. In the second corner of the maze (walls 3 and 5) the dose is reduced by 33% compared to polyethylene alone. The gamma dose is also more strongly reduced by the addition of boron near the end of the maze. However, no configuration reduces gamma dose more than about 30%.
Effect of neutron-moderating shielding in maze door
It is generally assumed that adding neutron-moderating shielding to a maze door is more effective than shielding the walls of the maze. However, it is also assumed that lead shielding is required for the door to absorb capture gamma rays generated in the door itself, resulting in a large, heavy door that must be opened with hydraulic systems.
Measurements were taken of the neutron and gamma ray doses at the door resulting from varying thicknesses of polyethylene and boron. The presence of the bulkhead required the sheilding to be placed 50 cm inside the maze, rather than at the position of the closed door. Later measurements with shielding covering the outside of the doorway produced neutron dose rates within experimental error of measurements with shielding just inside the maze. The results of these experiments are presented in table 5.
Neutron shielding in the door attenuates neutrons far more effectively than shielding used to line the maze walls. It can be seen from our measurements that 2.54 cm of polyethylene reduces neutron dose through the door by about a factor of three and by a factor of four with the addition of boron. The gamma ray dose is also reduced substantially-by a factor of about two for 2.54 cm of polyethylene with or without boron.
Discussion
This paper represents the first attempt, to our knowledge, to measure the effect of lining linear accelerator mazes with neutron moderating materials. Although many linear accelerator treatment rooms are now designed in this way (Kersey 1979 , Dawson 1995 , McGinley et al 1995 , Baillie 1989 , there has been little effort to measure neutron doses with and without these materials in place.
Using an existing accelerator maze for this work complicates matters, in that the shielding in the bunker door will affect the neutron fluence at the entrance, even with the door open. The door consists of 4 cm of polyethylene and 0.5 cm of flexboron with a 0.5 cm layer of lead shielding the outer surface of the door. The lead lining strongly scatters thermal neutrons, but does not attenuate them, increasing neutron fluence to the entrance. At the same time, the flexboron and polyethylene in the inside of the door will absorb part of the neutron dose that would otherwise scatter off the wall next to the entrance. No neutron dose could be measured with the door closed, indicating that neutrons at the end of the maze do not pass through the door.
Neutron shielding materials are more effectively and economically placed in the door of an accelerator bunker. Even 2.54 cm polyethylene without boron shielded neutrons and gamma rays as effectively than any configuration of polyethylene and boron in the walls of the maze. A thin (2.54-5.08 cm) polyethylene layer in the maze door would strongly reduce neutron fluence without making the door too heavy to be opened manually. If gamma ray dose in the maze was a problem, lead shielding would still be required for an effective barrier.
Our results seem to agree with the analysis of McCall et al (1978) , which suggests that the direct neutrons from the accelerator head entering the maze are probably less important than the contribution from scattered and thermal neutrons coming from the room as a whole.
Only modest reductions in neutron dose, and smaller reductions in gamma ray dose, can be achieved using neutron shielding materials to line accelerator bunker walls. Other methods of reducing neutron dose in the maze, such as reducing the area of the maze entrance, or extending the length of the maze, can either increase the cost of the treatment bunker or make entrance and exit more difficult. Using polyethylene infused with lithium in bunker doors can reduce neutron dose without increasing gamma ray dose, since the neutron capture reaction of lithium does not produce gamma rays.
